Al-enriched layer was formed on a magnesium substrate with use of casting. The magnesium melt was cast into a steel mould with an aluminium insert placed inside. Different conditions of the casting process were applied. The reaction between the molten magnesium and the aluminium piece during casting led to the formation of an Al-enriched surface layer on the magnesium substrate. The thickness of the layer was dependent on the casting conditions. In all fabricated layers the following phases were detected: a solid solution of Mg in Al, Al 3 Mg 2 , Mg 17 Al 12 and a solid solution of Mg in Al. When the temperature of the melt and the mould was lower (variant 1 -670 o C and 310 o ; variant 2 -680 o C and 310 o C, respectively) the unreacted thin layer of aluminium was observed in the outer zone. Applying higher temperatures of the melt (685 o C) and the mould (325 o C) resulted in deep penetration of aluminium into the magnesium substrate. Areas enriched in aluminium were locally observed. The Al-enriched layers composed mainly of Mg-Al intermetallic phases have hardness from 187-256 HV0.1.
Introduction
The widespread use of magnesium and its alloys as structural materials is attributable to their excellent properties including low density, high specific strength, and formability (castability, workability, machinability). However, their industrial application is sometimes limited because they are not resistant to corrosion or abrasion. This drawback can be eliminated by surface processing, which does not affect the bulk material. As shown in the review papers [1, 2] , there are many methods used for improving the surface properties of magnesium and its alloys. One of the most effective ways is to fabricate alloyed layers on a magnesiumbased substrate. Positive results are obtained when aluminium is used as an alloying element. Al-enriched layers can be produced using various methods, e.g. laser surface alloying/cladding [3] [4] [5] , diffusion treatment in molten salts [6, 7] , diffusion aluminizing treatment [8] [9] [10] [11] [12] [13] [14] [15] , PVD combined with annealing [16] [17] , cold spray with subsequent heat treatment [18, 19] , welding [20] , and electrodeposition [21] . The findings reported in the above works suggest that it is the Mg-Al intermetallic phases forming in the microstructure of Al-enriched layers that are responsible for an increase in the hardness as well as corrosion and wear resistance of magnesium and magnesium alloy products.
This study deals with Al-enriched layers containing Mg-Al intermetallic phases fabricated on a magnesium substrate by casting. It analyzes the effect of the casting parameters on the microstructure and thickness of the layers.
Experiment
Pure magnesium was selected as the cast material and it was melted under the pure argon atmosphere. The casting process involved pouring 150 grams of molten magnesium into a steel mould. The aluminium insert placed inside the mould had a wall thickness of 0.8 mm, a height of 30 mm, and a diameter of 40 mm. The casting was performed under different conditions. As shown in Table 1 , three temperature variants were considered. The microstructure and thickness of the alloyed surface layers formed by casting were determined by means of a Nikon ECLIPSE MA 200 optical microscope and a JEOL JSM-5400 scanning electron microscope. Their chemical composition was analyzed using an Oxford Instruments ISIS 300 X-ray energy dispersive spectrometer (EDS) attached to the SEM. The microhardness of the layers was measured with a MATSUZAWA MMT Vickers hardness tester under a load of 100 g. Figure 1 shows the microstructure of the surface layers formed on the magnesium substrate by the reaction between the molten metal and the aluminium insert placed in the mould cavity. As can be seen, the thickness and microstructure of the layer are dependent on the temperature of the molten magnesium and the temperature of the mould with the aluminium insert. In variant 1 of the casting process, the temperatures of the molten magnesium and the mould were the lowest, 670 o C and 310 o C, respectively. This led to the formation of a reactive layer with a thickness of about 650 µm at the Mg/Al interface ( Fig. 1a ). As the aluminium insert was not fully consumed and converted into an alloyed layer, there was a 250 µm thick layer of unreacted aluminium in the outer zone. In variant 2, the temperature of the poured magnesium was higher (680 o C), while the temperature of the mould remained the same (310 o C). As shown in Fig. 1b , the reactive layer formed at the Mg/Al interface was much thicker (1.2 mm) than that observed for variant 1. The layer of unreacted aluminium in the outer zone had a thickness of about 150 µm. In variant 3, the highest temperatures were applied. The temperature of the molten metal was 685 o C, whereas the temperature of the mould was 325 o C. It is interesting to note that although all the aluminium was consumed to react with magnesium, the alloyed layer ( Fig. 1c ) was thinner that that produced in variant 2 of the casting process. In Fig. 1c we can also see that the microstructure of the magnesium substrate is locally modified. As the effect was not observed in variants 1 or 2, we can conclude that in variant 3 the reaction at the Mg/Al interface proceeded much faster resulting in the complete consumption of aluminium.
Results and discussion
The microstructural analysis of the alloyed layers produced in all the three variants of the casting process ( Fig. 1 ) showed the following characteristic zones: dendrites adjacent to the outer aluminium layer (for variants 1 and 2), the transition zone, and the eutectic close to the magnesium substrate. In Fig. 2 , the zones (marked A, B and C, respectively) are presented in higher magnification. The SEM images in Fig. 3 with marked points of the quantitative EDS analysis show details of each microstructural zone. The microstructural analysis was based on the Mg-Al phase diagram [22] . The chemical composition of the dendrites observed in zone A (marked 1 in Fig. 3a ) was as follows: 87.6 at. % Al, and 12.4 at. % Mg. From the contents of the elements it is clear that this is a solid solution of magnesium in aluminium. The EDS quantitative analysis was also performed to study the modified microstructure of the magnesium substrate, which was observed in specimens produced in variant 3 of the casting process − Fig. 1(c) . In the lighter areas, the aluminium content was in the range 4-5 at. %. This result confirms that the aluminium diffused into the magnesium substrate. It also explains why under such conditions a thinner alloyed layer was formed compared with variant 2. In variant 3, the temperatures of the molten magnesium and the mould were the highest so when the magnesium was poured over the aluminium insert, all the aluminium, reacted with the magnesium and was converted into the alloyed layer. Then, the layer was partially consumed by the magnesium and, locally, areas enriched in Al were observed in the substrate. The microhardness measurements conducted for the magnesium substrate also confirmed that in variant C of the casting process, there was a diffusion of aluminium into magnesium. Locally, the microhardness values were higher (36-44 HV0.1) than those of the magnesium substrate (30 HV0.1). It was also found that the indentations in the magnesium were irregular in shape ( Fig. 4(a) , (b) and (c)) due to plastic anisotropy of this metal but in the areas where the substrate was enriched in aluminium, the indentations were more regular.
Conclusions
The Al-enriched layers formed on the magnesium surface by casting contained Mg-Al intermetallic phases. The influence of the casting process conditions on the microstructure, hardness and thickness of the resultant layers was studied and the following conclusions were drawn: −
In the alloyed layers the following phases were detected: a solid solution of Mg in Al, Al 3 Mg 2 , Mg 17 Al 12 and a solid solution of Mg in Al.
−
The Al-enriched layers had much higher hardness (187-256 HV0.1) than the magnesium substrate (30 HV0.1). − When the temperature of the mould with the aluminium insert was low (310 o C) and the temperature of the poured magnesium was the lowest (670 o C), a reactive layer with a thickness of about 650 µm formed at the Mg/Al interface. A thin layer of unreacted aluminium was observed in the outer zone. −
Increasing the temperature of the melt (680 o C) and maintaining the temperature of the mould (310 o C) led to the formation of a much thicker reactive layer (1.2 mm) at the Mg/Al interface and a much thinner unreacted aluminium layer in the outer zone. − At the highest temperature of the melt (685 o C) and the highest temperature of the mould (325 o C), a thinner reactive layer (850 µm) formed. All the aluminium was converted into the alloyed layer, and then part of it dissolved in the molten magnesium. As a result, areas enriched in aluminium formed in the substrate.
